The purpose of this study was to evaluate whether digitized analog images displayed on a digital workstation can be improved by using a preprocessing algorithm, and if so, whether the quality of the resulting images can reach that of the original films. The material contained 120 difficult cases (about 50% with selected pathology). Four radiologists each evaluated half of the randomly ordered cases with the digital workstation and half of the cases with the original radiographs. The data were compared with a previous similar study, where the workstation had no option for preprocessed images. Preprocessed digital images were clearly superior to digital images without preprocessing, although for those of the highest diagnostic difficulty they were inferior to the original films. The preprocessing algorithm has improved the diagnostic quality of the digital workstation. There is room yet for improvement compared to plain films, although the current setup may be sufficient in some settings. Copyright 9 1997 by W.B. Saunders Company KEY WORDS: teleradiology, image processing, histogram equalization, radiology, receiver operating characteristic (ROC) analysis T ELERADIOLOGY, using digitized images of radiograph films digitally transmitted and viewed on computer workstations, can provide time-and cost-effective radiology services to dinics in sparsely populated areas. ~-4 In one such routine, since 1992 the University Hospital of Tromsr has received and interpreted about 8,000 examinations annually.
T ELERADIOLOGY, using digitized images of radiograph films digitally transmitted and viewed on computer workstations, can provide time-and cost-effective radiology services to dinics in sparsely populated areas. ~-4 In one such routine, since 1992 the University Hospital of Tromsr has received and interpreted about 8,000 examinations annually.
Several studies have shown that digitized radiographs on workstations have lower diagnostic accuracy than radiographs on a viewbox. 4-7 To counteract this, we studied the benefit of the interpretation from the display on the computer screen of viewing an additional, preprocessed version of the digitized image. Because one of the difficulties with computer screens is their low contrast range, we selected an efficient implementation of the contrast limited adoptive histogram equalization (CLAHE) algorithm s for contrast stretching as the preprocessing step.
Although radiologists were initially unfamiliar with the visual appearance of the preprocessed images, they believed that preprocessing could possibly enhance the accuracy of their interpretations. To test these opinions objectively, we performed a controlled receiver operating characteristic (ROC) study in which we compared the performance of radiologists' readings of digitized radiographs on electronic screens with and without preprocessing. Because the preprocessing can potentially reveal features that are not readily apparent even on the original analog radiographs presented on a viewbox, we also compared the readings of digitized and processed images with those from the original radiographs. For brevity in this article, the word "film" is subsequently used to mean "radiograph on a viewbox" and the word "screen" is used to mean "digitized radiograph presented on the screen of a workstation."
MATERIALS AND METHODS

Case Selection
The case material, which has been used in other studies, 6"7 contained a total of 120 cases: 20 abdominal, 38 chest, and 62 bone cases.
A panel of senior radiologists at the Johns Hopkins Medical lnstitutions, henceforth referred to as the consensus panel, has previously decided the relative diagnostic difficuhy (low, medium or high), the image quality (technically limite& adequate or good), and the "gold standard" interpretation for each case. 6 The positive cases included sŸ abnormalities such as fracture, pneumothorax, lung mass, lung infiltrate, pneumoperitoneum, and small bowel obslruclion. The gold standard for both positive and negative cases has been verified by patient follow-up and by computed tomography (CT).
Of the selected cases, 61 were positive for the selected abnormalities, whereas 59 of the cases were control cases without a major finding. The diagnostic difficulty of most of the cases was considered higher than that of the average case in a clinical setting. This is an important part of the study design because "easy" cases can be interpreted correctly with inferior systems.
The Teleradiology System
The analog radiographs were digitized with an Eikonix 1412 overhead scanner (Kodak Inc, Rochester, NY) at 3344 columns Before viewing, each image was processed and downscaled from 16 to 8 bits per pixel by two different procedures. The first was global histogram equalization, producing "ordinary looking" radiographs, as exemplified in Fig tA. The second was a 100 • 100 sliding-window adaptive histogram equalization with histogram clipping, the so-called CLAHE. 8 Ah efficient implementation of the CLAHE algorithm has been made by one of the authors, making the algorithm useful for routine use. The time for processing one image is between 2 and 3 minutes on a Sun Sparc 1 (Sun Microsystems Inc, Mountain View, CA). The resulting image has an extremely high contrast for image details at the expense of an overalt contrast flattening (Fig 1B) .
The images were presented on a four-screen teleradiology workstation. Two screens (Sun) bad a spatial resolution of 1024 • 860 pixels and two screens (Hewlett Packard, Palo Alto, CA) hada resolution of 1280 • 1024 pixels. The radiologists could manipulate the images for optimal positioning, zooming and gray scale adjustment with 8 bits available.
When a case was selected for viewing, the images were presented on the computer screens so that the ordinary version and the contrast enhanced version appeared side by side.
Interpretation
Four senior radiologists participated in the study. None had previous experience in interpreting cases based on the kind of preprocessed images used in this study. Each interpreted all of the 120 patient cases, reading 60 cases on film and 60 on screen, and viewed each case only once to avoid memory effects. For two of the radiologists, the cases to be read on film and on screen were selected at random. For the other two, the complement of screen and film images was used. The cases were presented in a randomized sequence for each viewer. Each interpreter had two film sessions interleaved with two screen sessions, each with 30 patient cases. Thus, every case was read twice on film and twice on screen by the four radiologists.
The clinical information for each case was brief and nonspecific. Examples are "motor vehicle accident," "abdominal pain," "fever," "cough," and "chest pain." The information did not otherwise indicate the type or location of the abnormality to be detected.
For every case and for each clinical finding the interpreter evaluated three items: the clinical significance of the finding, the con¡ level, and the diagnostic difficulty. Each parameter was recorded as either low, moderate or high. The interpreter also classified the technica] quality of the images as adequate, good or excellent.
Previous Study
To find whether the CLAHE preprocessing alone resulted in improved accuracy, we compared the data from the current study with a previous study 4 using the same films, but without the preprocessed images.
The current and the previous study were performed similarly, the major differences being the scanner used for digitizing the radiographs, the availability of preprocessed images, and the use of four other radiologists to avoid memory effects. The main resutt of the previous study was that interpretation of screen BOLLE, SUND, AND STE~RMER images without preprocessing was less accurate than film reading.
Data Analysis
Each finding was compared to the gold standard, and classified as true-positive, false-negative, true-negative of falsepositive. If a radiologist recorded multiple findings, a classification of true-positive was given whenever one of the findings was in accord with the gold standard. Reporting clinically insignificant findings like degenerative changes did not affect the score. These data were then used to compute sensitivity and specificity. Sensitivity is the proportion of true-positives that are correctly identified as such. Specificity is the proportion of true-negatives that are correctly identified as such.
The McNemar chi-squared test 9 was used to compare differences between film and screen values for sensitivity and specificity. Interpreters' ratings of image quality, diagnostic confidence, and diagnostic difŸ237 were compared by means of a two-tailed chi-squared test, 9 Differences were considered to be statistically significant at P --<. 1.
ROC analysis was performed by using a computer program for analyzing correlated categorical data (CORROC2; Metz CE, University of Chicago, Illinois, 1989). The reported values included the atea under the ROC curve (Az), the standard deviation of Az, and the level of statistical significance with a two-tailed P value.
RESULTS
Subjective Evaluations
The interpreters' confidence in their diagnoses and their rating of image quality of film and screen interpretations are presented in Tables 1 and 2 , respectively. The results show a slight but insignificant preference for screen reading. The diagnostic difficulty (Table 3 ) was judged to be lower for screen reading than for film (P = .07). Note: The interpreters rated the diagnostic difficulty of each image as either Iow, moderate or high. A chi-squared test for the difference between film and screen yields P = .07.
Objective Measures
The sensitivity and the specificity for film and screen interpretations are shown in Table 4 . Overall, the sensitivity is higher for film (61.5% versus 50.8%, P < .1) but the specificity is not signi¡ cantly higher for screen (82.2% versus 78.0%, P > .2). Table 5 shows sensitivity and specificity for film and screen interpretations grouped by the diagnostic difficulty as rated by the consensus panel. Film readings produced significantly better sensitivity for pathological images of high diagnostic difficulty, whereas specificity is higher on screen irrespective of diagnostic difficulty. Figure 2 shows the results of the ROC analysis. The areas under the curves are the same for film and screen. Table 6 shows the sensitivity and specificity for film and screen grouped by interpreters' confidence. The specificity is similar for film and screen for all levels of confidence, whereas the sensitivity is similar for film and screen only for a high level of confidence.
Readers Confidence
Comparison with Previous Study
ROC curves were used to compare the current study with our previous study (Fig 3) . For traditional film there is no significant difference be- 
Note: The sensitivity and specificity for all radiographs in current and previous study. For each value the results from two radiologists were pooled. The total number of interpretations is shown in brackets. *P < .1, indicating significant differences between film and screen using McNemar's chi-squared test.
tP< .01, indicating significant differences between film and screen using McNemar's chi-squared test. tween the current and previous study, as the areas under the curves are the same (Fig 3A) . For screen reading the accuracy was significantly better (P = .02) in the current study (Fig 3B) .
DISCUSSlON
We performed the current ROC study to find out if preprocessing digitized images might contribute to increased accuracy of diagnostic interpretations. Our previous study 4 showed that the teleradiology system without image preprocessing was diagnostically inferior to traditional film for images of high difficulty (Table 4 ). In the current study using 
BOLLE, SUND, AND STORMER
Note: The sensitivity and specificity in percent for all radiographs grouped by the interpreters' confidence in diagnosis. The total number of interpretations is shown in brackets.
preprocessing, the difference between film and screen is smaller~ The images were digitized by using a different scanner, which may have influenced the results. However, the pixel spatial resolution was the same and the studies were performed similarly. We examined the difference between the film and screen results for the two studies. Figure 3A shows the ROC curves for film interpretations in the current and the previous study, the only major difference between the studles being the four different radiologists taking part. The ROC curves show that the radiologists performed similarly for film interpretations in the two studies. This means that it is unlikely that the differences between the ROC curves presented in Fig 3B could be asc¡ to the four different radiologists. Thus, the addition of preprocessed images has significantly improved the ROC curve (Fig 3B) , which means that preprocessing represents a significant improvement for digitized radiographs.
Although the new algorithm represents an improvement, we also had to answer if the diagnostic quality of preprocessed images is sufficient for routine use of teleradiology. The rest of the discussion deals with this question.
When the data were analyzed according to the difiŸ level assigned by the consensus panel, we found that the performance degradation for screen reading was signi¡ for the images of high difficulty (Table 5 ). However, the specificity is better for screen interpretations in the same category. A higher specificity along with lower sensitivity, may indicate that the radiologists interpreted more cases as normal because the workstation was not of sufficient quality to display these images.
The subjective values for interpreters' image quality ratings slightly favor the screen (Table 2) , although insignificant. This is contrary to our previous study, a where film quality was rated better than the screen quality. Furthermore, the interpreters' ratings of diagnostic difficulty favor the screen (Table 3) . The interpreters' level of confidence in making a diagnosis is the same for film and screen (Table 1) has improved the interpreters' image quality ratings, lowered the apparent diagnostic difficulty, and increased the level of confidence. Table 6 shows that at high confidence levels, film and screen reading are equally sensitive. With decreasing confidence, however, the sensitivity also decreases, and more so for screen. This means that the quality of the teleradiology system is sufficient when the interpreters' confidence is high. Another way to interpret this result is that radiologists know when the images are too difficult to be diagnosed with reasonable certainty.
In the clinical situation the problem of lower sensitivity and specificity may be solved by asking for other examinations and for more ctinical information. An inferior diagnostic system therefore may result in more examinations but not fewer correct diagnoses.
Preprocessed images look different from plain radiographs (Fig 1) . It is reasonable to assume that the viewing performance with such images would improve with practice, which would produce an even smaller difference between film and screen interpretation.
The preprocessed images ate not meant to replace the "ordinary looking" radiographs on the workstation. Rather, preprocessing should be a tool to draw the attention of the interpreters to areas of special interest. It would be possible for the radiologists to obtain the same information as is presented in the preprocessed image through manually adjusting the gray scale level for every area of the raw 16-bit "unprocessed" radiograph, but this would be a tedious task. This is why both the preprocessed and the "unprocessed" image were presented on the workstation side by side, so that the images could be compared, and the radiologists could draw conclusions from their total impression of the presented information.
The radiologists' subjective evaluation of image quality, diagnostic difficulty, and confidence (Tables  t-3) did not necessarity coincide with the objective results, This strengthens the belief that controlled scientific studies with images of high diagnostic difficulty are necessary to evaluate the diagnostic effect of a new radiological approach.
CONCLUSION
In conclusion, the screen-based teleradiology system using image preprocessing at the University Hospital of Troms0 has similar specificity and slightly lower sensitivity when compared to filmbased presentations. Image preprocessing has improved the quality of medical images viewed on screen to such a level that when the interpreter's confidence is high ("easy cases"), screen interpretations are as accurate as those on film. Equally important, difficult cases are recognized by radiologists as such on the screen, so that in a clinical situation retakes or sending original ¡ can be requested.
